Thin-film bulk acoustic wave ͑BAW͒ resonators are widely used in modern mobile communication systems. Their high Q-value at gigahertz frequencies, bandwidth, temperature stability, and power durability combined with a small size make possible the realization of filters fulfilling demanding specifications. To obtain a low-loss BAW resonator, the acoustic energy must be trapped within the resonator both in the vertical and in the lateral directions. The former is realized with an acoustic Bragg reflector or an air gap that isolates the resonator from the substrate. For the lateral energy trapping, the plate-wave propagation characteristics, i.e., the wave dispersion, should be such that there are no propagating wave modes in the region surrounding the resonator ͑outside region͒ at or near the operation frequency of the resonator. The dispersion behavior of a BAW device is determined by, and can be tailored with, the design of the thin-film layer stack. Often the dispersion properties of actual resonators differ from simulations due to, for example, inaccurate material parameters. It is therefore important to be able to measure the dispersion properties.
Optical probing is a powerful characterization method for studying mechanical wave fields in microacoustic components, such as BAW resonators. [1] [2] [3] [4] [5] [6] [7] Laser interferometry is a noncontact optical method that enables direct measurement of wave fields in an acoustic component. It has been also used to characterize the plate-wave dispersion properties in thin-film BAW resonators ͑see, e.g., Refs. 8-10͒. These measurements have been limited to characterizing the dispersion in the electrode area of the component, thereby yielding only partial information of the acoustic behavior, critical for the component operation. As an example, in order to study energy trapping in BAW resonators, one must be able to extract dispersion curves not only within the active area of a resonator but also in other regions, especially in the region surrounding the electrode. Since the resonator is excited by a voltage applied at the electrode, the measurements outside the electrode region call for a sensitive measurement setup because the vibration fields in the outside area are only due to leakage of acoustic energy from the electrode to its surroundings. Furthermore, to be able to extract the outside region's dispersion properties from the measurement data, one needs to apply specific data processing methods. a͒ Electronic mail: kimmo.kokkonen@tkk.fi. In this letter, we present a method to obtain dispersion data both from the resonator and its surrounding region using laser-interferometric measurements and data processing. Both sets of dispersion diagrams can be obtained with a single measurement. The dispersion data of the active and outside regions allow more complete characterization of the acoustic behavior of the BAW component. As an example, one can directly determine the frequency range of lateral trapping of acoustic energy.
The sample resonator consists of five alternating layers of W and SiO 2 , which form the acoustic reflector and a piezoelectric AlN layer between a Mo bottom electrode and an Al top electrode. A photograph of the sample is presented in Fig. 1 , with a schematic picture of the thin-film stack and the input impedance Z 11 extracted from wafer-level vector network analyzer measurements. The electric frequency response shows a resonance at 1823 MHz and an antiresonance at 1859 MHz. Sharp spurious oscillations caused by laterally standing plate-waves with a nonzero lateral wavenumber k ʈ are superposed onto the resonance-antiresonance curve. These spurious resonances can be suppressed, for example, with a boundary structure. 11 In this sample, however, we did not suppress them in order to be able to study their properties 12 and their connection to the energy trapping condition.
A scanning heterodyne laser interferometer 5 was used to acquire the phase and absolute amplitude of the surface vibration field. The measurement area of 250ϫ 250 m 2 contains the circular active area ͑electrode͒ of the resonator and some of the nonmetallized outer region. The measured frequency range was 1600-2000 MHz, lateral scan step was 1 m, and the resonator was driven from a 50 ⍀ transmission line with a nominal input power of 5 dBm.
Measured wave fields are presented in Fig. 2͑a͒ . The amplitude fields on the first and third rows indicate that the outside region is strongly activated at frequencies around 1778 and 1947 MHz. In order to separately extract the dispersion of the active and outside areas, the measurement data were windowed before applying Fourier transform. To calculate the dispersion of the active area, we exclude the outside region from the analysis, and conversely, to calculate the dispersion of the outside region, the active region is excluded, leaving a doughnut-shaped area for the analysis. Resulting dispersion diagrams for both areas are presented in Fig. 2͑b͒ . The dispersion of the active area is shown with a colormap ranging from dark blue to red, whereas the dispersion of the outside region is superposed with shades of gray. The TE 1 and TS 2 mode branches of the outside region are also indicated with a dotted line.
From the electrical measurements of Fig. 1 , we can see that at around 1950 MHz the spurious resonances disappear and the electrical response becomes smooth. From the electrical measurements alone, however, it is difficult to determine the cause and the exact threshold frequency of that behavior. From the dispersion diagram of Fig. 2͑b͒ , on the other hand, one can readily see that the TE 1 mode of the outside region emerges at around 1947 MHz. In the wave field images of Fig. 2͑a͒ , this is seen as the activation of the outside area. Above this frequency, acoustic energy in the resonator couples to propagating waves in the surrounding region. To further illustrate this behavior, we have plotted the amplitude of the electrode area's TE 1 mode dispersion as a function of frequency in Fig. 2͑c͒ . The eigenresonances vanish after the cutoff frequency of the outside region.
We have shown a method to extract dispersion characteristics of the nonactive area of a BAW resonator, and the method is illustrated by directly determining the lateral energy trapping range of a resonator. Both dispersion sets ͑ac-tive and outside areas͒ can be obtained with the same scan. The two regions of interest are separated using data windowing. The measured acoustic data correlate with the effects observed in electric measurements and directly verifies that the reason for the disappearance of spurious resonances from the electric response is the onset of lateral acoustic leakage, something which cannot be deduced from the electric measurements or from the active area dispersion data only.
